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Abstract of Thesis

Combustion of Aluminum

The purpose of this thesis is to study the following

aspects of aluminum combustion and to apply the theoreti-

cal results from the study for the future designing of a

colloid particle generator. The thermodynamics of the

combustion of aluminum is discussed. The flame temperature

and the composition of flame products at that temperature

are calculated from the thermodynamic data. The radiant

heat transfer from the flame is considered. The particle-

size distribution is derived from the vapor-phase burning

model and subsequently compared with a surface burning

model. Colloid thrustor efficiencies are determined based

on using particles produced from both models.
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CHAPTEi_ I

INTRODUCTION

Current interest in combustion of aluminum stems in

part from its use in colloid propulsion. The flame of alum-

inum vapor in an oxidizing atmosphere produces a large

quantity of colloid particles consisting of submicron AI203

particles. Theoretical analyses predict that homogeneous

condensation by cooling a non-reacting condensable vapor

in an expansion nozzle will produce particles with less than

5_,6 particle formation efficiency (reference i), whereas t_e

vapor phase combustion of certain metals (aluminum and

magnesium) yields much higher percentage condensation effi-

ciency. Condensation efficiencies in the vapor-phase

combustions of _ or A1 are greatly increased by allowing

the heats of combustions to radiate away from the particle-

gas mixtures. Because, as the temperature reduces, the

supersaturation increases. The combustion of Ai or Fig gives

a high flame temperature and leads to a significant radiant

heat flux which is proportional to the fourth power of the

absolute temperature while the nozzle-expansion systems

operate at lower temperatures and lead to lower radiant

heat fluxes. Recent experiment of vapor-phase combustion

of magnesium by °ourtney (reference 2) has shown that 4

pa_-ticles are formed with 90% particle formation efficie:%cv_

tiowever, because of the lack of satisfacto_-y condensation

theory applicable to heterogeneous condensation_ the
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particle formation efficiency of combustion system has

not been predicted by theoretical analysis. The particle

formation efficiency of aluminum combustion will be deter-

mined by experiment following this thesis. In this thesis,

the following aspects of aluminum combustion are generally

studied for the future construction of the AI203 colloid

particle generator. Thermodynamic criterion for vapor-

phase combustion of aluminum are elucidated. The flame

temperature and the composition of flame products at that

temperature are calculated from Thermodynamic data. Radi-

ant heat flux is discussed. The particle-size distribution

of Fein's surface burning model is compared with that of a

vapor-phase burning model. For both models, the colloid

thrustor efficiencies are calculated. An improved effi-

ciency (=64%), in contrast to 30% for Fein's model, is

obtained by replacing Fein's model with a vapor-phase

burning model. Aluminum has been chosen as one of the

_-eactin_ fuels because aluminum is available as a spent

tankage in certain space missions (reference 3). The

reaction, 2Al(g) + 302(g)----A1203(1), has beenchemical

specifically treated in this thesis.
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CHAPTER Ii

Thermodynamic Consideration of Aluminum Combustion

A. Distinctive Aspects of Metal Combustion

• The disadvantage of using aluminum as fuel for colloid

thrustor rests on its very large heat of combustion.

Grosse and Conway (reference 4) stressed the relationship

between position in the periodic table and heat of combus-

tion and showed that the highest flame temperatures are to

be expected with metals in groups II, III, and iV. Metal

combustion produces a large amount of condensed-phase

particle smoke. Most of the peculiarities of aluminum

combustion arise from the production of a condensed-phase

product different in composition from vapor-phase products.

The large exothermic heat of formation of combustion

products demands that they ultimately must become highly

stable condensed-phase substances. For this reason, there

exists in the combustion zone vaporized fuel and combustion

products in the liquid or solid state. The dissociation

of metal oxides upon vaporization generally limits the

temperature of metal-oxygen flame to the boiling points of

ti_e cespective metal oxides. Therefore, since the majority

of metal oxides decompose partially or completely at high

Cemperatures, the oxide boiling point used must be d_i,fined

in terms of the equilibrium of the condensed oxide with

its vapor-phase decomposition products at the ambient

pressure. The extent of decomposition of AI203 at flame
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temperatures is discussed in Section E. One of the diffi-

culties currently encountered in the field of metal

combustion lies in the lack of reliable Thermodynamic data

required in the computation of decomposition equilibria.

The Thermodynamic information used in this thesis has been

taken from reference 5-7. In the event of conflicting

data, the values of reference 5 were used.

Another distinctive characteristic of metal flames is

the high emissivity, owing to the presence of condensed-

phase products. Finally, it has been suggested (reference

8) that, in view of high temperatures attained in metal

flames, the burnt gases should be ionized to a considerable

extent. However, no measurements of ionization in metal

flames have been reported, and the chemical nature of the

ions is not known. A further important consequence of the

presence of condensed-phase products is the possibility of

sequential homogeneous and heterogeneous reaction processes

in the combustion of al_ninum. Heterogeneous reaction is

interpreted as the reaction of aluminum suboxides or

oxygen on the aluminum surface or on and within a protec-

tive aluminum oxide layer. ,No studies of the burning of

prevaporized ah_ninum have been made but several excellent

studies of the burning of wire and powder has been done.

A thermodynamic criterion for predicting whether surface

or vapor-phase burning will take place is discussed in

Section ;3. The vapor-phase burning is commonly suppressed

due to the formation of a protective oxide layer, or to



the fact that the flame temperature reduces to the temper-

ature below the boiling point of metal by radiation, or

to both causes combined.

B. Combustion of Aluminum Wire

Glassman (reference 8-9) made a survey of thermo-

cynamic data and of the experiments on metal combustion

published in the open literature. Reasoning from the

thermodynamic and physical properties of metals and their

oxides, he made the following generalization: (i) the

flame temperature of a burning metal is generally iimi_ea

to the boiling point of the oxide. (2) the existence of

condensed species in the flame zone at the high temperature

level makes thermal radiation important both in the rate

of energy transfer from the flame to the evaporating sur-

face and in the rate of heat loss to the surroundings. (3)

in the vapor-phase diffusion burning mechanism, energy must

be transferred from the flame to the metal to provide the

latent heat of evaporation of the metal. Therefore, the

liame zone must be at a higher temperature than the me_ai.

If the flame temperature is the boiling point of the oxide,

and the metal must be at or below the boiling point of

the metal, then the required temperature difference exists

only for those metals for which the boiling point of the

Oxide iS greater than the boiling point of the metal_

Applying statement (3) to the available boiling poin_

data, Glassman predicted that Li, Na, _, AI, Ca, k_ Be_

and _i could burn in the vapor-phase. The boliing p_ints
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and melting points of the metals and those of oxides are

listed in Table I. These boiling points and melting

points are the temperatures measured at one atmosphere.

Of course, the boiling points change with pressure; thus

the question arises, since the heat of vaporization of

the o_¢ide and metal are different_ will a material which

will burn by one mechanism at low pressure burn by another

at high pressure. This pDint was checked with the avail-

able thermodynamic data and Figure I shows that the burn-

ing character of the metals generally should not change;

.e., the lines for the metal and for the corresponding

oxide do not cross as the pressure increases. A further

discussion of the boiling point criterion was given by

_%rzustowski (reference !0).

To Glassman's condition for vapor-phase burning (the

boiling point of the oxide is greater than the boiling

point of metal), Brzustowski added, the second requireme.nt

for t;ne vapor-phase burning. In any practical cases, the

actual flame temperature can be reduced by radiation heat

loss to a temperature below the boiling point of metal.

In such cases, the metal does not vaporize and thus burns

by a surface-burning mechanism. The necessary and suffic-

ient condition added by Brzustowski is as follows: metals

Ourn in the vapor phase when the boiling point of the oxi_J_]_

is greater than that of the metal and, at the same time,

when _he actual flame temperature is higher than the boil-

ing [)oint of the metal. Glassman's criterion is a



necessary but not sufficient condition for the existence of

a vapor-phase flame over a burning metal. In a chemical

reaction taking place at constant pressure at the temper-

ature T, Brzustowski (reference i0) defined Q(T) as the

difference between the total enthalpy of the reactants at

the flame temperature_ Hreact.(T) , and the total enthalpy

of the products at the same temperature, Hprod (T).

3rzustowski based these quantities on a mole of that

_eactant which is normally called the fuel. Thus,

Hprod .(_) - Hreact.(T) = Q(T)

Figure 2 shows a p!ct of Q(T) against T at a given

pressure for _hree types of metals. In (a), the combustion

product has no phase change between the reference temper-

Irefature_ ., and the adiabatic flame temperature Tad .

in (b), a phase change occurs at some temperature Tp loweY-

than the adiabatic flame temperature. Tre f is a tempera-

ture above the oxide melting point but below the adiabatic

f la_Le temperature. Tp is the temperature at which the

liquid phase oxide changes to vapor phase and is always

equal to or lower than a hypothetical adiabatic flame

temperature. The latent heat associated with phase chsn_%e

is L. in (c), the phase change occurs at the adiabatic

flame temperature. Q(Tref) is the so-called heat of

combustion at the reference temperature, if _?. is defined

a_; ti_e fraction of ohase change accomplished, r_e curve_
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of Qk±) can be labelled with the appropriate values of _B"

In (a), _B = 0

in (b), _B = O, Tref_< T@Tp

_B = I, Tp< T.< Tad .

O_g$ i, T = Tp

in (c), _B = O, Tref_< T <Tp = Tad .

O_ a B.4 i, T = Tp = Tad.

The rate of production of sensible heat in a non-adiabatic

7

flame at T B is I_fQ(TB) , where Wf is the molar rate of

metal consumption. The net heat loss from the reaction zone

can be a function of many variables such as Wf , the flame

temperature, the flame emissivity, etc. _iowever, in the

case of interest, radiation and conduction from the flame

are probably the most significant heat transfer mechanisms.

The vad_a_-_t heat transfer to an enc_o..ure from _._o-pnase

flows has been investigated by gyrne (reference Ii). [io_-

ever, it is very difficult to determine the numerical value

of radiant heat transfer for specific case due to the very

complicated nature of radiation from small particles. The

peculiar nature of radiation from small particles is dis-

cussed in Chapter !Ii in detail, in any given set of

ambient conditions, the net rate of heat loss from the

flame can reasonably be expressed as a function only of T o

fhe aet heat loss by radiation and conduction from t_c

flame is denoted here by _(TB). The equation which tic,fines
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the flame temperature in this non-adiabatic system is

WfQ(T B) = _(T B)

Figure 3 shows curves of _(TB) and WfQ(TB) versus T B for

the three cases shown previously. The intersection of the

two curves gives the non-adiabatic flame temperature. Here,

T B is the non-adiabatic flame temperature at which the rate

of heat production is equal to the rate of heat loss. In

case (a), _B is known to be zero and the flame temperature

In ca_e_I_ ,_. = 0 for =_
is TBI. _=ar_y, a B _ref_ _ _ad

(b), three examples are possible:

Tref._< TBI < Tp
aB= O,

TB2 = Tp
o i ,

Tp< T B3_< TadC_B= 1 ,

The three examples occur in order of decreasing _.

(c), only two types of solutions are possible:

_B=O , Tref<_.Ts< Tp

TB2 Tp Tad0< s<l

in case

Only positive values of _ have been considered, because,

if _ is negative, heat is transferred to the flame from

its surroundings. The above examples are now applied to

the combustion of metals. If Tre f is taken as the temper-

ature above the oxide melting point, then Tp _MO is the= Igp
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oxide boiling point, and _B is the fraction of oxide

vaporized. Case (a) shows a metal whose temperature of

_0p and whose product of com-
flame is always less than

bustion is liquid oxide. In (b), the flame temperature can

exceed T MO
BP under adiabatic conditions with the oxide com-

pletely vaporized. Case (c) shows a metal whose adiabatic

flame temperature can not exceed _0 p • The product oxide

!s only partially vaporized under adiabatic conditions.

ihe criterion for vapor-phase combustion is that T B ex-

M
ceeds TBp • Here T B is the flame temperature and T MBP

is the boiling point of metal. Metals (a), (b) and (c)

can therefore all burn in the vapor-phase if TB> T MBP "

Since T B depends upon the net heat loss to the surround-

ings, the existence of vapor-phase mechanism is also a

function of the heat transfer between the particle and its

environment. Calculations of adiabatic flame temperatures

reported by Giassman (reference 9) and _assell (reference

12) show that AI, Be, Li, and Mg fall into category (c).

The adiabatic flame temperature is reported (reference 4)

to be equal to the boiling point of various oxides involved.

Fassell made the computer calculations of the adiabatic

flame temperature and the mole fraction of the species

present at this temperature. His results are presented

in Table i[. Fassell pointed out that, if radiation losse:_

occu_ from the burning droplet of metal, the temperature

will be reduced with a corresponding increase in the liquid

oxide species oecause the de_ree of supersaturation of
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vapor becomes greater with reduced temperature. Fasseil

also identified the combustion product of aluminum by _he

:/-ray diffraction method (major oxide species is Alpha-

AI203 and minor species is Gamma-Al203). Rautenberg and

Johnson (reference 13) have measured the flame temperature

in the aluminum oxygen reaction and have verified that it

is equal to the boiling point of AI203 (within a few

hundred degrees of 3800°K). They also indicated that the

emitting source in an aluminum photoflash lamp is actually

a blackbody at 3800°K and that this temperature can not be

altered substantially. The criterion for vapor-phase

combustion has been verified by Brzustowski in his experi-

mental work with aluminum. Aluminum also satisfies

Oiassman's criterion. Literature review shows that, as

long as aluminum burns at low pressure and high oxygen

concentration, fine aluminum wires or small aluminum

particles burn in the vapor-phase. _fhe heat requirer_ent

for the AI vaporization would be eliminated, if aluminum

wires burn in vapor-phase , for the wires would self-

vaporize due to the heat transfer from the flame zone. i_q

this sense, a wire burning technique seems particularly

attractive in the combustion of aluminum, in summary,

aluminum burns in a vapor-phase according to the criter5on

of both Glassman and Brzustowski. It has been verified by

5rzustowski that metals can be divided into three cate-

gories, depending on the relationship of the adiabatic

flame temperature to the boiling point of oxide. The
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_ffect of heat loss from the flame on its temperature has

_)een discussed in detail, and it was concluded that the

oxide boiling point may be upper limit on the actual flame

_emperature even if the adiabatic flame temperature could

be higher. In contradiction to Glassman's conclusion that

the burning character of metals generally does not change

upon the pressure, Brzustowski pointed out that the same

metal may conceivably burn in the vapor phase in one en-

vironment and on the surface in another, depending upon the

net rate of heat loss from the flame zone. This point was

verified by Brzustowski's experiment with aluminum wire.

A map of the burning mechanisms observed by Brzustowski

in oxygen-argon mixtures is shown in Figure 4. The obser-

vations were made at various pressures ranging from i00 mm

_g to 225 psia and at values of the oxygen mole fraction

varying in steps of 0.i between 0 and I. i{dditional low

pressure tests were carried out at 50 mm_g for various

oxygen mole fractions. A wire burned in vapor-phase flames

only in region 3 in Figure 4. Therefore, the theoretical

vapor-phase model can not apply in the rest of regions.

it may be concluded that aluminum wire burns in the low

pressure (below 500 mm Hg) as can be seen in Figure 4.

Vapor-phase combustion of aluminum wire was also verified

by _arrison and Yoffee (reference 17). In their experiments_

aluminum wires were found to burn with a diffuse combustion

zone and produce large quantities of oxide smoke, indicat-

ing a vapor-phase burning process. _lirschfeld's



13

investigations of burning aluminum wire (reference 18)

indicated a vapor-phase burning process. In his experi-

ment, an increase of burning rate with decreasing chamber

pressure below 0.5 atmosphere was observed.

C. Combustion of Aluminum Particles in a Hot Cxidizing

Atmosphere

Brzustowski and Glassman (reference 30) correlated

the observed behavior of non-volatile metal (AI, Be, Si,

Ti, Zr, B) particles burning in a hot oxidizing gas with

the physical properties of metals and their oxides. Table

1 shows the melting and boiling points of the metals and

of their oxides. Most of the data in Table I are taken

from the J_NAF thermochemical data (reference 6). The

oxides of all the volatile metals listed in Table I are

porous and not able to seal the metal against surface oxi-

dation. This property is shown in the last column which

lists the ratio of the volume of oxide formed to the volume

of metal consumed. It is more than a density ratio because

it takes into account the weight of oxygen consumed. When

this number, often referred to as the Piling and Bedworth

ratio, is less than unity, the oxide is porous. When it

is much larger than unity, of the order of 3, there is a

tendency for the oxide to blister and peel away from the

surface. A value close to unity, of the order of 1.3,

indicates a good protective layer. Brzustowski and Glass-

man observed from Table I that: (1) the metals are

'_ i:_¸ i
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classed according to the properties of the oxides which

characterize the burning mechanism. The oxides of AI, Be,

Si are protective materials that adhere well to the metal

surface. It is expected that an oxide layer on the sur-

face of these metals largely inhibits oxidation over a

wide temperature range. The volume ratios of the oxides

of AI, Be, Ti, and Zr are all larger than unity but not

so large that the oxide coating might be expected to blis-

ter and peel off the metal surface. (2) the oxides of AI,

"_i and Zr boil at temperatures exceeding the boilingBe,

points of the respective metals. The criterion for wapor-

phase burning indicates that AI, Be, Ti and Zr can bumn

in the vapor-phase diffusion flames by which means that

gas-phase oxidants or aluminum suboxides diffuse into the

aluminum oxide layer. Figure 5 shows the scheme postu-

_at_.d to explain the observed burnin_j behavior of AI, :_e,

and Si. The rate _of heat transfer from the surrounc!_ng

gas to a large particle is low enotlgh so that m layer of

oxide has time to build up on the surface before the parti-

cle melts. In other words, the time required to heat and

melt the larger particles is ionge_- than the smalle_-

particles. This layer greatly inhibits further oxidation,

so thau ignition does not take place. Indications a_e

that in the combustion gases _%iven off from the su_.-face

of a b_rnin 5 solid aluminum particles lar_!_i- than about ,q_)

micrcns behave in this way (reference 15). if the m<-tal

particle is small enough, the rate of heat transfer to the
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particle is generally high, and melting occurs before

appreciable surface oxidation has taken place. The ,_

rate of heat loss from the surface of the oxide layer

deter_,ines the burning mechanism. Furthermore, if the

surroundin6 atmosphere is hot enough a_d the residence

time of the particles in it is long enough, it is possible

that the metal within the liquid oxide shell may reac]_ its

boiling point. It then becomes slightly superheated and

bursts the shell. The hot metal droplets released in this

fragmentation can burn by the vapor-phase diffusion

_nechanism. From Gordon's observations (reference 16), it

may be estimated that aluminum particles of about 50 microns

exhibit this behavior in a 2800°K oxidizing gas.

£,, Ignition Temperature of Alumin_m Powder

The ignition of a metal in a reactive atmosphere is

_ p1_enomenon involving heat transfer and chemical reaction

at the surface. Reynolds (reference 14) performed an

analysis that relates the ignition temperature with the

low temperature oxidation properties of the metal. _

_reatment is based on the generally accepted view _hat

ignition will occur if the heat produced L)y ti_e o_cidation

_eaction exceeds the heat losses to such an extenn __i_.at

the _emperature rise continues at an acce!eratir_i_ rat_°

y,eynolds considers both conductive and radiative i_g

losses. As he uses only one dimensional expression_ ci_e

inalysis applies only to the ignition o_ metal i_ _)u!k.
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Grosse and Conway (reference 4) reported ignition tempera-

tures of various metals, measured partly by others and

partly in their own works, ignition temperatures of

metals in oxygen are shown in Table IIl. Grosse and Con-

way also state that among the factors that may affect the

ignition temperature are the following: purity of the

metal, gas composition including moisture content, pres-

sure, state of subdivision, previous history of the metal,

and apparatus and technique. The ignition temperature

can be defined as the surface temperature of either the

particle or the bulk at which the rate of heat gain from

a chemical reaction first becomes equal to the net rate

of heat loss from the surface. The rate of heat loss

from the surface is the sum of conductive, convective,

and radiant rates. The rate of heat loss from the surface

by conduction into the inteL-ior depends on the condu,-tivity,

size, and past history of the particles, lhe rate of con-

vective l]eat loss from the surface depends only on the

surface temperature and ambient fluid. The rate of radiant

neat loss depends on the surface temperature of the parti-

cle, the extent of chemical reaction reached, the emissivity

of particles, and the concentration of thermal radiators

in the surcoundings. A plot of the net rate of heat loss

and the rate of heat gain from chemical reaction against

surface tempe_-ature in Figure 6 as was shown in referenc,_

i0 se,zw_s to define the concept of ignition temperatL1re.

[he i_nition temperature is the temperature at which the
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heat balance between the ra_e of heat gain and the rate of

heat loss is achieved. Once the ignition temperature has

been exceeded, the temperature jumps to a stable tempera-

ture such as the flame temperatures, TBI , TB2 , and Y_3 '

in Figure 3. The heat release rate shown by curve qreact.l

corresponds to a reaction which is limited only by the

surface temperature. Surface reactions which form porous,

non-protective oxides fall into this category. Curve

qreact.2 shows the rate of heat gain from a reaction which

is completely inhibited below some oritical temperature.

If the temperature-limited reaction rate at that critical

temperature exceeds the rate of heat loss, ignition occurs.

Tig 2 corresponds, for instance, to the melting point of

the protective alt_,inum oxide film. Ignition of first

particles may occur very slowly. The ignition of subsequent

particles is accelerated by the heat release from those

particles which are burning%. The ignition of single alum-

inum particles injected into a hot gas stream of known

uniform temperature, composition_ and flow velocity were

%/

investigated by Friedman and _iacek (reference 19). It was

found that injected particles would only ignite under cer-

tain conditions. Their experimental results for i_%nition

temperature under the various ambient conditions are show_n

in i_'igure 7. From the figure, it can be easily seen that

ambient oxygen content is a relatively unimportant variable

within the range of 5-25%'_ 02 mole fraction, but an ambient

gas temperature of about 2300°_i is the necessary condition
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for ignition. This almost coincides with the melting point

V

of aluminum oxide (2318°K). Friedman and Macek concluded

that ignition occurs only upon melting of the oxide layer

which coats aluminum. It is assumed that melting of pro-

tective oxide layer causes a discontinuous increase in the

surface reaction rate, leading to ignition.

E. The Flame Temperature and Chemical Species Existing at

the Temperature

Wolfhard and Parker (reference 20) compared flame

temperatures measured by line-reversal and absolute-inten-

sity methods with color temperatures. The former methods

gave temperatures of about 3273°K, whereas the color temper-

ature was 3873°X for aluminum. The discrepancy was expiaine(_

by anomalous absorptivity of the small aluminum oxide parti-

cles which was found to increase from small values in the

visible to unity at about 3000 Angstrom. Based on w_iue

of the aluminum oxide boiling point (3253°_) available at

tl]e time of their work, the authors concluded that _he tr<_e

flame temperature was that determined by the line-reversal

and the absolute-intensity methods, whereas the colo_:

temperature had no physical significance. In comparison

with the now accepted value of aluminum oxide boiling% point

of 3_%00°K (reference 21), the boiling point of aluminum

oxide is closer to the measured color temperature (3_{7 _°

-_ plausible explanation might be that the temperatur(_ oi

ri_e aluminum flame was reduced below the theoretical maxi-

mt_q_ by radiation losses. In contrast to WolfhaL-d and
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Parker, Rautenberg and Johnson (reference 13) identify the

color temperature with the true flame temperature. In any

case, the flame temperature can not exceed the oxide boil-

ing point because of the restriction that large heat of

vaporization of oxide, which includes a heat of decomposi-

tion of AI203 to lower oxides. A higher environmental

pressure would therefore give a slightly higher flame

temperature because of a slightly higher boiling point at

that higher pressure. This occurrence of dissociation at

high temperature complicates the calculation of theo_tica!

flame temperature. This theoretical temperature to which

the flame may rise after the combustion can be calculated

from the thermodynamic data. It is necessary to have a

flame temperature to be able to calculate the amount of

dissociation and obtain the gas composition. On the other

hand, the temperature itself depends on the composition.

The theoretical flame temperature is only obtained on the

assumption that there is no heat loss or gain by radiation,

thermal conduction, or convection. The first step is to

calculate the composition of the flame products for an

assumed temperature. The next step is to find the amountv

of heat produced by the chemical reaction and heat con-

su_-ned to heat the flame products of the composition to

the assumed temperature. The assumption of flame tempera-

ture is repeated until the heat balance between heat pro-

duction and heat consumption is achieved. The identifzca-

tion of chemical species existing at the flame temperature
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is still in doubt. Friedman and i_acek in their experi-

mental work on aluminum particle combustion showed the

presence of decomposition products, AI, AIO, Ai20 , 0, and

02 at one atmosphere. Glassman, however, argues that AI20

species does not exist, in Glassman's spectroscopic in-

vestigation of burning aluminum wires in oxygen-inert gas

mixtures, all bands and lines on the aluminum flame spectro-

grams are identifiable as AI, AI0, and impurities, and none

can be attributed to AI20. The only possibility that could

resolve this disagreement would be for AI20 to be present

ms a short-lived intermediate under the condition that

aluminum flame experiments are carried out. From a vapor

pressure study of the aluminum-oxygen system under reducing

and under neutral conditions, Brewer and Searcy (reference

21) concluded that under reducing conditions A1 and AI20

are the principal vapor species, while under neutral

conditions AIO and 0 are the principal vapor components.

in the reducing conditions, AI203 is heated with al_rninum

or another reducing metal_ To achieve neutral conditions,

AI203 is heated alone. Following Glassman and Brewer and

gearcy's observations, it can be assumed that one mole of

A1203(i) dissociates into four moles of the fragments _I0,

AI, and 2[0] upon decomposition. The assumption that

atomic rather than molecular oxygen is the remaining i rag-

ment was made following Ackermann, '[horn_ and Winslo'_J

(reference 22). The formation and the decomposition re-

actions of ._1203(i) are:
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Formation of A1203(I)

2Al(g) + 3 02(g ) ------- A1203(I)

Decomposition of A1203(I)

A1203(I) _ Al0(g) + Al(g) + 20(g)

At the equilibrium between liquid phase and gaseous phase

of burnt products, the number of moles of undecomposed

A1203(I) is n(l-_), whereas the numbers of moles of A!0(g),

Al(g), and 0(g) are n_, n_, and 2nB, respectively. _ is

...... _ as the degree of u_oui_tion _nd n _he coral

nu_mber of moles of A1203(I) initially produced by combustion.

The sum of moles of each species at equilibrium gives the

total number of moles, that is n(i+36) moles. The adia-

batic flame temperature is now determined by successive

approximations. First, trial calculation is attempted

using the flame temperature of 3800°K. The equilibrium

constant lip is expressed for the decomposition :Teaction of

_2u3kl) in terms of the partial pressures of each species.

kz --"'P PAl0 PAl (Po)2

= 4(PAi )4

The value PAl = 8.9 x 10 -2 arm can be obtained using

Logl0_i P = -3.6 at T = 3800°X (Figure g). The partial _,._>_-_,_.-

sure is i.,1c.i,,_ fc.nal to mcie fz'action and therefore,

PAl - n-_l + 3_] °P where ? is the total press<:_'e. ]b__:_

degree of dissociation at _f = 3S00°K thu_{ found frcm the

above relatior_ is 6 = 0.I 9._ i_he nu:_bers of m¢>"__....of bu_-'.:_.
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products on the basis of one mole A1203(I) fornlation are

as follow:.

Burnt product number of mole

Ai203(I) 0.88

Ai(g) 0.12

AlO(g) 0.12

O(g) 0.24

Total 1.36

it is noted here that the true mole number cf bur1_c products

is n(l + 3_) = 1.36n, an increase of 0.36n moles over the

mole number of burnt products without decomposition. This

directly indicates that the dissociation uses up a signifi-

cant amount of energy and limits the flame temperature.

The dissociation energy of A1203(I) is indirectly determined

by the use of thermochemical data in _'efercnce 'iJ.

-2Al(g) + 30(g) ------_{1203(I )

L

9 ' D OA1.203(1) _ A10(g) + Al(g) + ._0Vg) A

_"**_u_=, the dissociation energy per mole of A1203(I) i_

AD ° Z3K_ _i-l_= - = 562.59 i<cal/mo':,,._
1 2

wh.er,, _ iif is the heat of foi_nation from elements in _n

atomic gas state. The energy consumed upon the oecon,pos:t-

_ion of 0.12 moles (_) of A1203(I) is therefere 67.51 r(ca!
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(=_ _D°). We next calculate how much heat would be re-

quired to heat the combustion products from room tempera-

ture to T=3800°K. The heat content of the total true moles

of combustion products thus calculated is 135.25 Kcal. We

next calculatehow much heat is produced in the flame. The

main source of heat liberated is in the formation of

A1203(I) and is equal to one molar heat of formation of

A1203(I) at room temperature from the assigned reference

H o
elements (_ f = -400.4 kcal/mole at 298°K, reference 5).

The value of _H_ = -400.4 Kcal/mole compares with ]qq.25

Kcal of heat consumption; thus, the true temperature of

the flame, assuming no heat loss, will be higher than 3800°K.

and we must repeat the whole calculation for composition

for a higher temperature and then repeat the heat balance

test and so on until a temperature is found for which the

heat consumed is equal to the heat produced in forming a

burning mixture with the composition at that temperature.

The computations of compositions of aluminum-oxygen flame

at various temperatures and the heat balance computations

are summarized in Table IV. From the table, it can be

concluded that the theoretical adiabatic flame temperature

lies near 3980°K. This discrepancy between the reported

flame temperature, 3800°K, and the temperature in this

calculation, 3980°K, probably results from the extrapolation

to high temperatures of thermodynamic data in reference 5.

This flame temperature is comparable with the flame tempera-

ture of 3908°K in Table II calculated by Fassell (reference
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12). iqowever, the actual fl_e is expected to be much

lower than the adiabatic flame temperature because of large

amount of radiant heat loss from the flame due to the great

emissivity of the particles in the flame. The thermo-

dyn&_ic data in reference 5 relevant to the calculations

in this section are listed in Table V. The plots of the

Gibbs free energy change (_Gi°) , the enthalpy change

(AH_), and the entropy change (/_ST) against the absolute

temperature in Xelvin are shown in Figures 9, i0, and iI

for the decomposition reaction, A1203(I ) _Al0(g) +

Al(g) + 20(g) based upon the data in Table V. From these

figures, the LOgl0K P versus T°K graph is plotted in Figure

8 by the thermodynamic relationship, LogloJl P = -2.303RT "
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Radiant Heat Transfer in Aluminum-Oxygen Flame

The flame of aluminum-oxygen contains a large quan-

tity of small AI203 particles. _{ot gases are selective in

their emission , leaving blanks in their spectra, whereas

particles are continuous emitters, and for this reason

the liquid or solid particles emit much more energy for a

given temperature. In the analysis of radiant heat trans-

fer from AI-0 flame, Byrne (reference ii) neglects the

radiant heat loss from gaseous aluminum flame products on

the ground of selectivity in their emission, in order to

investigate the mechanisms of excitation of the continuum

and the Ai0 spectra in the aluminum-oxygen combustion re-

action, Rautenberg and Johnson (reference 13) vaporized

aluminum foil in oxygen by means of an electric current

pulse and examined the emitted radiation by time-resolved "

spectroscopy. They concluded that the principal light

• CJ
emission is blackbody radiation from Alt and AI203 at o_

below 3800°K, that is, the emissivity is unity. _{owever,

this conclusion that the radiation of aluminun_ flame is

identical with that of a black-body can not be accepted

without reservation. There are two reasons for this. F_st_

the eff,issivity of the material cf the particle may vary winh

wavelength and is a complicated function of particle size,

_ne particle concentration, and the surrounding pz-essure.

fF_e second i_eason is associated with the scatte,_in?. G_
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light by small particles; the particles which are smaller

than a wavelength of light will not only scatter, but will

absorb with an absorption coefficient which also depends

on wavelength even if the material of the particle is black

or grey. There has been little information in the open

literatures on the numerical evaluation of radiation energy

from the flame. Recently, Byrne (reference ii) has in-

vestigated radiant heat transfer from hot solid or liquid

combustion products to the walls of a combustion chamber

in an analytical method. Radiation heat transfer from the

combustion of aluminum in an oxygen containing atmosphere

under the high pressure was investigated. It should be

noted here that the results of his investigation can only

be regarded as a representative trend concerning the rela-

tive importance of several parameters. The assumpti(_ns

he made are: (i) the particles are randomly distributed

,t_rcughout a transparent gas in the combustion chamber; (2j

the p_rticle cloud is isothermal; variations of particle

temperature with radial distance because of energy absorp-

tion _y the wail and the variation of incident radia_:io_

caused by position in the particle cloud are ne¢li_isie;

(3) all the particles are black, spherical, of equal size

and at the same temperature; (4) the wall of combustlon

chamber is isouhermal and is diffuse in both emission and

reflection. The primary point of interest was a predic[-i,>_

of the radiant heat transfer. Pai?ametric variations w_

made to determine the effects of particle size, chan L;>e_
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pressure, wall reflectivity, wall temperature, and parti-

cle mass fraction. The number of particles of AI203 per

unit volume is specified indirectly by choosing a particle

mass fraction of the mixture. The fraction of condensed

Al203 particle mass to the mixture is defined as the parti-

cle mass fraction. Figure 12 is a plot of heat flux

versus particle size. The effect demonstrated here is that,

all else being equal, the larger the particle size, the

smaller the radiant heat 'transfer to the wall. As the

particle size is increased, the total radiating surface

area is decreased because of a decrease in the area to

volume ratio as size is increased. Since the total amount

of energy radiated is directly proportional to the surface

area, a change in surface area brings about a similar change

in the total energy emitted• It is interesting to note

from the changing slope of the curve, that as the particle

size is increased, the wall heat flux becomes increasingly

insensltive to further increase in particle size. F ___Ju_e

13 is a plot of heat flux versus pressure. The indicated

trend is that higher pressures cause greater radiant heat

flux to the wall. As the chamber pressure is increased,

the flame becomes more dense, more AI203 particles are in

the chamber, and therefore more total energy is emitted.

Figure 14 indicates that heat flux is strongly affected my

wall reflectivity. Reflectivity is a fraction of incid_._nt:

flux which is reflected As _he energy is _w_f!ected by _e
• . • ,jj

wail, it is forced to traverse the abso_bi_g fluid m,:_k,
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times before the energy is absorbed by the wall. The

longer effective path length, therefore, causes more of

the initial flux to be absorbed by the cloud as the re-

flectivity of the wall is increased. The dashed portion

of the curve indicates known boundary conditions; as the

wall reflectivity reaches unity, no heat flux is absorbed

by the wall. It may be seen in Figure 15 that the wall

heat flux is almost independent of the wall temperature.

The driving potential in radiant heat transfer is the

fourth power of temperature. In this case, the particle

temperature is so high that the fourth power of this tem-

perature is very large compared with the fourth power of

the wall temperature, regardless of wall temperature.

Figure 16 shows the effect of the particle mass fraction

on the apparent emissivity. Apparent emissivity is taken

as the initial incident flux density to the wall from th¢_

particles divided by the initial heat flux density _tom _:

black-body at the _)article tempel-ature. Theor_-tically, _

the particle mass fraction becomes very large, the al}pare;_r_

emissivity of the particle ciomd should approach unity in

the limiting case, because, as the particle mass fractioc:

approaches unity, the system becomes a black sc)iid cylzn6tY

enc]osed Dy the chamber wall. In other words, an e]eme_1

of the. wall can no ]_onger- see anything but particles, in

Figure 16, the curve falls off to an appal-ent _rDissivity

of zel-o when the particle mass fraction is unity. _/,>,rne's

results are obviously in error above a particle mass
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fraction of about 15%. Byrne's assumption (2) is over-

simplified. In fact, the temperature along the chamber

changes with radial distance due to the large quantity of

radiant heat loss from the flame. From the view point that

assumption (2) can not be justified in actual system,

Byrne's numerical results can not be accepted in the prac-

tical case of aluminum combustion. However, his data are

very useful in predicting the general trend of Ehe radiant

heat transfer with the variation of parameters. The numer-

ical analysis of radiant heat transfer from aluminum flame

seems extremely difficult at the present time because of

the unknown scattering and absorbing behavior of small

AI203 particles in the flame. Figures 12, 13, 14, 15 and

16 are the results of Byrne's analysis. The Byrne's analy-

sis does however provide some guidance for the analysis

of the model of this research.
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Aluminum Oxide Particle Size Distributions

fhe information about the particle size distribution

of AI203 is required to predict the ideal colloid thrustor

efficiency. A theeretical model has been derived by i_ein

(reference 24) to analyze the oxide particle size distri-

butions obtained by burning cyciindrically perforated

aluminum with oxygen.

A. Description of the Y_ode! and i_.ssumptions by Fein

The Fein's physical model is schematically pictur-ed

in Figure 17. The assumptions made by Fein in his analysis

are; (i) complete radial mixing is asstuned throughout the

chamber except within a thin low tempeL--_Cure L-egion i:nm,e,"li_-

ately adjacent no the alLuninum sdrfdce; (2) stead), s_at:,

is assumed to prevail, and the pl.-essure and temperat_:re

,._,_.Eeassturted constant_ uhl-ou,%hodg the ,-aain g,dS st,'eelm i _.;

because of the [.nc_.-,__dse in burnia_, _ _"'-_ .,u. iace area ,,'_ta, in-

crea:_lng the d::.stance from the head end o_ the chamber (-'._:..

iu is assumed that the velocity of the combusEion prod{1.ct_:

is dit-ect[y ._]Jropo_--Li°nal to x. This velocity is -,;,i\,,-:_, )'.

q. (1);

-X_ x

u ......elocity of combustion p_roduct-s', cm/sec

N :--moles of y,d.s intm. oduced into the chamber" upon b,,.l:nT_n.,

! )
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i gram of aluminum, g-moles/g aluminum

Fo = solid aluminum density, g/era 3

r = linear burning rate of aluminum, cm/sec

d = chamber diameter, cm

2
A = chamber cross secticnal area, cm

R = universal gas constant, 82.057(cm3)(atm)/(°_.)(g-mole)

rO x_= chamber temperature, o

2 = chamber pressure, arm

(4) it is assumed that the particles are nucleated at a

constant rate of n (nuclei/sec/cm of the _'_hamh.:_"___.,,:_._)'........"
o

The total number of particles passing any _iven distance

x, nt, is given by iq. (2).

n t = noX
(2)

(5) particles are assumed to grow by the mechanism of diffu-

sion of gaseous aluminum, ato_nic oxygen, and _lu_ainur. sub-

oxides to the particle surface followed oy a heterogeneous

chemical reaction to form condensed AI203. The rate ol

pa_ticle growth is given by the mass transfer law, iq.(3)..

d,:' _ (C_Ce).q._"_-_=
,, q

where

_/ = an empirical rate constant wnlcL, will be refer[-<._ to

as. the _rowth constant, cm/,,t..c

the oxide in the ;:as <,b.a_ ', ' s/3 = concentration o_ :{,0 ..< C :r ..'_
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C e = equilibrium concentration of the oxide in the gas

Dhase at the chamber pressure and temperature,

moles/cm 3

cc = surface area of a particle assuming that the particle

2
is spherical, cm

3
= volume of a single [)article, cm

= molecular weight of the oxide, g/g-mole

= density of the oxide in the condensed state, _/cm "_

= time, see

Fein assumes that the growth constant, _ , is constant and

independent of particle radius. Fein jusEifies Ehe above

five assumptions by demonstrating the agreement between

the model and experimental data.

_o ;)erivation of Average Particle Volumes and ti_e f:trriq._

Size :,l_istribut ions

i-'ein derived the particle size dist'r-lbu:__ien fro:F_ i.-,]s

• _"_, -r 17 ].'ir_t he rook the (iz_e_-,: "+ la_

mass balance of the gaseous, oxide taken over the oa_'_ _-._t_ea._n.

The s..mali differential element of chamber length is sho_¢n

in Fi>_ure ].N. The ,flow r-ate of oxides into this dlff_.rentTia_

element is CAb moles/sec. The flow rate of oxides fiom t-.is

d " C,_ _',)dx :,_,oles/ ,:',:
<_.lement to the main stream is CAU + (-_xt ..... _ .

i"ein defines C. (moles per cubic centimete,T) a,< the }nii , _
1

conce_lliration (befo_-o any condensation) of the oxid<_s [{-:-:,.-

in_, the gas fihn adjacent to the alumim,m su_Tfaco. i':_' :_(:_w

of condensable 2%aseous oxides into this differential el_,,m;:Al:

V

>i

6)
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frown the aluminum surface is given by:

CxAu = C A _ r(_-)( ) dx

= CiN_d _r(_)dx moles/sec

A t is defined as total surface area of all particles at

the position of x per second• Then the total particle

surface area per cubic centimeter at position of x is

A /Au cm2/cm 3, and the total surface area of all particles

in the differential element is (At/Au)(Adx) = Atdx) -- A_dx/u.

From Eq (3), the total number of mole _- of oxides _'

dense in the differential element per second can be ex-

pressed by the following equation:

t° > (C-Ce),ad8_dv =
Atdx

= _ (C'Ce) u

3'he amount of oxide condensate is e_tLai to the _:um of t)_,:.

flo_vs into the dif _ " ' e -_ ..aerentlaz iement from gas _urea_T_ g:ne

from the gas film adjacent to the aluminum surface min_

the flow out from the differential element co t;_e :nai:_ :i.d_

s tre am,

, R'F .
C_U * CiNf[d_prk_-)dx -

= % (C'Ce)_t(_)

Substituting u of Zq. (i) into Ea.(4) :_ives"
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.._i:i{Fd_prRT i41Td#'prFJfx dc CN_d _pri_T
w -- m

P P dx P

(C-C e )AtT_

N_d _prRT x
(5)

The accomplishment factor _ is defined as:

C: -C

{ = ct-c (6)
3.. e

The maximum driving force _ is defined as:

=C. - C (7)
1 e

Substituting C = C i - _ and

and using A =T r(@) 2 yields:

dx dx into Eq. (5)

,_% ( ..{ - l )
x

where

= (_-#-)(N r;:_.T) (9)

- _ °Xo. (_q) is the c_fferentxal equation expressing the Ynass

balance for the oxide around a differential element of the

chamber. Next step is to express A t as a function of x

and _ , and then find a solution to £q.(8) Let v

the volume of a particle (cubic centimeter) at the positicn

of x, and let _. be the surface area (centimeter s_uared
i

of this particle, v and & are the values of v. and
o o ]-

_i' respectively, at the positionof x -- :ii . :iere x i

is the distance from the. head end of the chamber to a _)oin-

of nucleation. If the particles are spherical, then"
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_i 3vi = ( )(-_)z (io)

and

• %
dvi = 4"qT _ i (i!)

Furthermore, from the growth law given by Ea. (3),

_ , Zhdv i = _ (C-Ue)_ip j d@ (12)

From Eq.(1),

U dx .Tfd ) RT

de = AP dx (13 }

be _

NTF rdK _ x

gy the substitution of Eq.(13) into (12), the Indepe_=,,_

variable chanzes from time to distance as follows:

[ > (c-c e )_ i_,Ae

d v i = L£ N _pr7_ dRTx ] dx
(14)

If dv.
1

is eliminated between equations (ii) and (14),

, )Eq. (15) is integrated between ti_e limits (_o,Xi

(I._1 =_X [2_ _" (C-C e)MAP]d x

I

and (_%. i,x),

_lf]

d 2
Substituting A ='_(_) into Eq.(16) and squaring,
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(C-Ce)_?d dx + _ (i7)

i = 2_N _prRT x

The expression for _i is obtained after substituting the

relation, C-C e = _ (i-5), into Eq.(17);

x

x.
l

(18)

where

Q = 2_N _prRT

Eq.(2) indicates that the number of particles passing any

given position of x is n x .
o Accordingly, the number

of particles initiated per second over the x interval

dx. is n dx. .
l o l

ition of

The surface area of particles passing,, pos-

x per second initiated over the x interval

dx. is n _.dx. .
i o 1 i

passing position of

of n a,dx. from
o 1 1

The total surface area of all particles

x per second (A t) is the integz-atiol_

o to x_

A t = n o f _%idxi

o

if the _i of /0.(18) is substituted into E(l.(20), the

resultant equation is the function for A t exp1"es-_,ec] in

terms of

dx '

and x . If Ea.(8) is expanded and solw_ _ic_

d_ Bat(l-_ )

dx - 2 x (21)
x
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If Eq.(21) is solved for

(d@ _ O)
dx •

the result is:

At• assuming _ is constant

jxAt = [ B(I-_) (22

Upon integration of Eq.(18) assuming_ is constant, we

obtain:

°ci= Q x o

X.
1

0

= _Q(1-_ )ln(xX-_-.). *" _½0 _'-
l

l

__)X + C_

(x i o

if Eq.(20) is integrated after substituting Eq.(23) into

lq.(20),

X

A t = _ noaidxi

O

= _2noQ2 (I- :_)2 + 2no_Q(l- _) + no :¢o

( 24 )

Elimination of A t from iqs.(22) and (24) yields

_ 2Q2(1__)3 + 2,_Q(1-__)9
Bn o o •

i4ow, the number and volume average particle sizes and fre-

quency function for the particle-size distribution _vLi] t_
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derived. The number average particle volume, Vn, is

defined as the total particle volume in a sample divided

by the number of particles in that sample. If L is

the chamber length, the total particle volume leaving the

chamber is:

noVi(xi,L)dx i (26)

O

where vi(xi,L) is the volume of a particle at x=L nucle-

ated at x=x.. The total number of particles leaving the
l

chamber per second is noL , and therefore the number avera%e

particle volume V is given by:
n

1 L
Vn- n L S noVi(xi'L)dxi (27)

O O

From the Eqs.(lO) and (ig), vi(xi,L) can be found

vi(xi,l.)= J--'d×+
0

X.
1

3

J
i

_,28)

Substituting Eq.(28) into E_.(27) yields:

V = 1 _Q3 3n.

3

i !Y]+ Q2(l-_2a_ + 2-_oQ(I-_) + _o (29)

The volu_ae average particle volume is defined as the sum

over all particles of the square of the volume divid_:d Oy
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the total volume; i.e.,

V
v

niv2
(30)

Generalizing Eq.(30) for the continuous distribution of

particles leaving the chamber and using Eq.(27) yields"

V
v

7Lno&i(xi,L);2_xi

_Lnovi(xi,L)dx i
0

_L 2
O [vi(xi'L)) dxi

= LV (3i)
n

Combining Eqs.(28) and (31) gives the expression for V
V _

5

V = 20 I 5 2 2a2 + (I-_)_ + _ov 7_ Q3(I._)3 + __) _Q (I_Z) o o
n

(32)

The frequency function fLvi(xi,L) j for the particle

distribution is defined such that the probability of find-

ing a particle between particle volLunes v i and v 2 is

Iv2given by fdv. The frequency function has certain

v 1
_o

properties; i.e., _ fdv_l and frequency function Pas
0

positive values. Fein defines the distribution funcglcn

[v i(xi,L)_ as the total volume of all particles old

volume less than v.l(xi'L) which passe_ .... the positiorl
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x=L per second, in mathematlc expression,

LF _vi(xi,L) ] = noVi(xi,L)dx

x I

(33)

Now, from the definition of the frequency function f(v),

dv
the volume of all particles of volume between Vl=V- _-

dv :"

and v 2 = v + _- is given by noLvf(v)dv , and thus

F [vi(xi,L) _ also is given by:

v
F(V) = noLvf (v)dv

v
o

(34)

where v is a function of both x. and L. Differenti-
i

ating E_.(34) with respect to v and rearranging yields

the relation between the frequency function f(v) and the

distribution function F(v),

f(v) : (35)
n Lv
o

By differentiating Eq.(33) with respect to x i •

dF(v) = - n v (3@)
dx. o

i

_y differentiating Eq.(28) with respect to

obtain:

Xi, we

dv __ I [Q3 3 n_Odx i 2_xi (i-{) (i )" + 2Q2(I-_)2_ in -L-
m xi

(3P j_
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By squaring Eq.(23) and rearranging, we obtain

_½ = _½ - Q(l-_in L
o x i

(38)

By combining Eqs.(37) and (38),

dv = _ 0(1-{) ___
dx i 2 _-_ x i

_o is eliminated,

(39)

From the chain rule,

F'(v) = dF(v) dx__!

dx i dv
(40)

Substituting Eqs.(36) and (39) into Eq.(40) and substi-

tuting the resulting expression for F'(v) into Eq.(35)

yields:

2_-_ xi

f(v) = Q(l-_)_ _-
(41)

From Eq.(28), we obtain:

I

x_i: _o - (__ vi)5
L exp. [ - Q(I-_) ] (42)

if Eq.(10) is solved for So,

! !
= (6v)3 Tf3

o o
(43)

Finally, substituting Eq.(43) into Eq.(42) and substitut-

ing the resulting equation into Eq.(41), t_ne final form o5

the frequency, function is obtained:
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i i I

f(v) - 27_ 2exp.[ { (6v)3 - (6v°) ]

Q(i-_) (6v)_ Q(I-_)

(44)

If it is assumed that the volume of a nucleus (v o) is very

small compared to the number average particle volume (_n),

the equations for Vn , Vv, and f(v) can be greatly simpli-

• approaches zero in Eq.(lO), _ becomes
f led When v o o

zero to satisfy the equation.

V >> V , the terms containing
n o

can be neglected to give:

Under this assumption,

in Eqs.(29) and (32)
O

(45)
= 1 Q3Vn _=_ ( I-_) 3

= 20 Q3V v _=_ (l-Z) 3

if Eq.(45) is solved for Q(I-_) and the result is sub-

srituted into Eq.(44), f(v) becomes"

F(v)

I

2 2 exp [ _ _v,3. (v-.)I

v (6v) n
n

(47)

iU c_n be seen that, when Vo<< V the ratio of V ton ' v

V is 20.
n

In the limit aE v
O

gets very large,

V
V

V
r]

approaches unity.

C. '[%,,<'_-,'.csults of Fein's [:u_fac(_- <urrAJni__:<odel

The frequency function f(v) in £a.(47) is r_orma!_zed,
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_0

that is,7 f(v)dv =-- i. The frequency function for _che _........._-
0

ical size distribution now can be expressed for the give>.

value of V .
n

Substituting the experimental number average particle

vo fume, V n , into gq.(47), Fein obtained the theore_icai

frequency functions as follow:

f(v) =

1

0.663 x 104 [ -2 _]2 exp. k x 104 x v ,

v3

n

= (_:7q x !O-12e_m3

f(v) :

i

1.99 x 104
2 exp [ 6 02 x 104 _ )• - • X V

v 3

V
n

= 6.0274 x lO-12cm 3 (<9)

The values of V n in Eqs.(4S) and (49) are measured ar the

choar:ber pressures of 34 and 10.2 arm, respectively, in i,c::,',<

experiments. ,,hen the volume average particle voltm:e (o_:

the weight average particle volt,he)is

3 1 -20 3
cm , or Vn = 2--G Vv = 2.615 x i0 cm ,

V (" :_73 lO " l;'
.-c J- .... X

V

the coli"es[:ondin c

frequency function according, tc i,'ein's _:ystem rood<)] is."

%

e(v>= 2.o5 :c:c' [ -']2 "exp. -6.15 x 106v :_ (';,)

v3

The above exemplified value for V is e<uivaient _.<:
V

0

:'00 _{ diameter _)ar[ic].e. size which is desired ..... co _lc,:id

thrustor, aqs.(48) and (49) are pio:ted in :,:igu,,.'es"ii%,;
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and (20). The individual points on the graphs are Fein's

experimental results. Comparison of Fein's analysis with

his experimental results shows excellent agreement between

the theory and experiments. Samples of particles collected

by Sehgal (reference 32) were sent to Fein. in Sehgal's

work, the propellant composing of 12% aluminum, 19% poly-

urethane binder, and 69% ammonium perchlorate was fired

into a stainless steel collecting tank at the ambient

pressures of 34 and 10.2 atm respectively. Fein dispersed

and photographed these particles through an electron micro-

scope and determined particle-size distributions by count-

ing the particles in the photomicrographs. This fact

justifies those five assumptions made early by Fein. if

Eq.(25) is multiplied by Q,

K1
(_2)(_o) = 2Q3(I-_) 3 + 2Q2(I-_)2_ + Q(l-_)¢i o

(5i)

where

K1 = 2 ¢ NCprRT =
(52)

Dividin<, _ £q.(51) by 24_ and then add to it the quar._i_,,;
• .__

which is the result of Fq.(lO), i.e., vO = (,.--'__--},t2 9
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the result is then equal to

Therefore, we have,

Vn as given by Lq.(29).

Vn -(2 _)(K2)(n o) Vo

=C_)( (I_-) ' when
o

Vo<< Vn (55)

The values for nucleation rate (no) computed by Fein are

2.35 x 1012 and 4.48 x 1013 nuclei/sec/cm at chamber pres-

sures of 34 and 10.2 arm, respectively. The various con-

stants used by Fein in his computations are listed in

Table VI. no appears to be a strong function of pressure

with no decreasing as pressure increases. From this

fact, Fein concluded that nucleation process is not homo-

geneous, because homogeneous nucleation rates generally

increase with increasing concentration of the condensable

species, and concentration increases with increasing pres-

sure. This conclusion that the nucleation is not homogene-

ous is already indicated by Courtney (reference 25) and

Gordon (reference 26). In Fein's analysis, the frequency

function for the particle-size distribution is independent

of the chamber length (L), but dependent upon nucleation

rate (no).

D. Vapor-Phase Burnin$ Model

In Fein's model, alumin_n burns at high pressure (for

example 34_ 10.2 atm), and therefore it does not burn a

vapor phase. As a result, it is expected that this
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surface burning mechanism of aluminum directly implies a

wide particle-size distribution. Vapor-phase burning of

aluminum should produce a much narrower particle-size

distribution because of rapid nucleation rate by virtue

of a higher degree of supersaturation (reference 2). A

vapor-phase burning model expected to produce a narro_#er

particle-size distribution is sho_n in Figure 24. A

central jet of aluminum vapor is enclosed in an annulus of

oxygen to produce a flame. This model, in contrast to

Fein's, will therefore have a linearly diminishing alumi-

num vapor pressure. The oxygen pressure can be assumed

constant throughout the length of chamber. This new model

changes the Fein's assumption (3). New assumption satis-

fying new model is that the velocity of combustion product

is proportional to the flow rate of aluminum and oxygen

vapor (or proportional to the consumption rate of aluminum)

(,v/_ec_ ), and tlne velocity is expressed by mQ.(5(_).

P,T iu = X (56)

where u = velocity of combustion products, cm/sec

N = moles of combustion products produced from

the burning of 1 g aluminum, moles/g

= consumption rate of aluminum, g/sec.

A = cross sectional area of inside cylinder in

2
Figure 24, cm

i
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R = gas constant, 82.057 (cm3)(atm)/(°K)(g-mole)

T = absolute temperature, oK

P = pressure_ arm

The rest of Fein's assumptions are suitable for the above

new model for which a new size distribution will be derived.

By using the simple definition of linear velocity

dx
u = _ in Eq.(56), we obtain:

d@ - APdx . (57)
N_R_

Changing independent variable from time ( O ) to distance

(x) by substituting Eq.(57) into Eq.(3) yields:

dv [ > (C.Ce)_] AP

Combination of Eqs.(ll) and (58) eliminates dv and reduces

Eq.(58) to Eq.(59) after performing integration between

the limits, (_o,Xi) to (_,L).

(59)

As previously described in Section (B), v_< Vn and there-

fore s o becomes zero as v o approaches zero according

to Eq.(lO). Eq.(59) can now be reduced to Eq.(60).
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6 ½ : 25-_ _(C-Ce)_) NfnRTl_(L_xi) ' Vo << V_

= Q' (e-x i)

where Q'= 2_'_[>(C-C )_] AP

squaring Eq.(60), we obtain:

= (Q')2(L-xi)2 (62)

Substituting Eq.(62) into Eq.(10), we obtain:

v = 6--_(Q' )3(L-xi)3 (63)

We can redefine the Ea.(27), assumin_ the constant number

of nuclei in the chamber,

Eq.(63) into the redefined

tegration,

_L
= vidx i . Subst itut in_gVn o

V n above and performing in-

Differe_tiatin_ E_.(63) with respect to xi, and substitut-

o

ing the value of (L-xi)_ of Eq.(62) into the resultant

equation,

dv - - _ I_5)
dx i 2_'_

Substituting Eqs.(36) and (65) into Eq.(40), we obtain"

2n vvr_

F'<v) = o (_(
Q'&
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Substituting Eq.(66) into Eq.(35),

f(v) 2_
- LQ'_

(67)

Substituting Eq.(62) into Eq.(67),

f(v) = 2 (68)
L(Q, )3(L-xi)

Substituting the value for (L-xi)2 of Eq.(63) and subse-

quentiy substituting the value for Q' of Eq.((:4), we

obtain the final form of f(v) providing that the length

of chamber L is unity:

-i -2

3 3
f(v) = 0.21 V v (69)

n

Since the constant term in Eq.(69) will be normalized later_

the length of chamber (L) can be chosen arbitrarily. A

particle-mass distribution function un-normalized for the

10-20 3new model is obtained using V = 2.615 x cm and ex-
n

pressing _q.(69) in terms of particle mass (m).

--2

f(m) = 17.9 x 105 m 3 (70)

?_ormalizi_ ga.(70) with the maximum particle mass

(,---_ 10-12g); i.e., _(max')f(m) dm _ i, the normalized

O

equation for f(m) is obtained: -2

f(m) t 3.34 x 103 m _ (71)

The n_aximum particle mass is apparently not inlini_y, _z_-_,_

_h_efore the definition of particle-mass disLributic:_
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func tion,
0f(m)Jmml, should be modified to

0

(max. )

f(m)dm - 1.

O

_'iumberical calculations for the thrustor efficiency shows

that an arbitrary choice of the maximum particle mass (not

infinity) yields the same result of thrustor efficiency.

lt. Colloid Thrustor Lfficiencies for Surface-Lurning and

Vapor-Phase Burninlg iv_odels

It is required to know the particle-mass distribution

in order to predict the thrustor efficiency. The colloid

thrustor with narrower particle-size distribution has

higher efficiency than that with wider size distribution.

The effect of particle-size distribution on colloidal-

particle-thrustor efficiency is illustrated by mickelsen

and i<aufman (reference 31) by the followinz expressicn;

( _ _m- f(m)dm) 2

o (72)

Z B]. fmf (m) dm

where

,/

f(m)

m

-! , )

J

lle t

= thrustor efficiency

= propellant-utilization efficiency

-I
= particle-mass distribution function, g

= particle mass, g

: to_al power loss, w

==: ion current density, amp./sq.m

= net accelerating voltao( ,_ _ volt.
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For the ideal colloid thrustor, the net power loss _'PI

is assumed zero, and thus the ideal thrustor efficiency

can be simply expressed by Eq.(73) providing that pro-

pellant-utilization efficiency _u is 100%.

_= _ mf (m)d_m (73)

0

_y changing ;the independent variable from particle volume

(v) to particle mass (m) in Eq.(50), the particle-mass

distribution funct_ion f(m) is obtained as follow:

-2 1

f(m) = 5.16 x 106 x m Temp. [-3.89 x 106 mZ) (74)

_£q.(74) is renormalized into Eq.(75) by the use of normal-

ization factor (=3.98).

-2 !

' [ 106 m 3 ] (75)f(m) = 1.3 x 106 m 3exp. -3.a9 x

The quantities, f(m), _'mf(m) and mf(m) against m are

shown in Figures 21_22, and 23. Finally, 30>_ colloid

tP_rustor efficiency is obtained by the use of the particle-

mass distribution function in Eq.(75) which is a result of

Fein's analysis. In contrast to Fein's model, the vapor-

phase burning model has 64% thrustor efficiency, rihis im-

proved efficiency has been calculated by performing the

integration of iq.(73) with the use of particle-mass dis-

tribution function f(m) of £q.(71). The c_uantlties, . .

V_mf(m), and mr(m) against m for the vapor-phasc; ,t<_:_i<r

model are plotted in Figures 25, 26, and 27.
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CHAPTER V

Condensation of AI203

In the combustion of aluminum, it is generally con-

sidered that the AI203 particles are growing through a

very complicated chemical reaction between the surface of

oxide film and the vapor phases, _l(g), Al0(g), 0(g),

and 02(g ). In such a heterogeneous condensation process,

a variety of chemical reactions preceding condensation is

rate controlling. From this view-point, the classical

liquid-d_op theory of homogeneous condensation developed

by Frenkel (reference 27), Volmer (reference 2S), and

Seeker and Doting (reference 29) is, therefore, not valid

for the heterogen'eous condensation of AI203 particles.

_rork in related fields, such as chemical Kinetics, surface.

processes, and transport pheno_nena, is of importance to

predict the cendensation rate in the combustion syst._m.

i1oweviJE, there appears to be no quancitative developmen_

of nucleation or condensation theory in combustion syste'_ns.

i"urthe_r_nore, no experimental data on the condensation raEe

in combustion systems has been reported in the ooen ] iter-

ature. At present, the rate of condensation i,_ a co_bu::-

tion system is only of academic interest. Finally, it

should b,_ mentioned that the determination of A.]2<I3 :,.]__ l--

cle for-marion efficiency has to rely upon the ex[)erimen_.
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CC!_CLUSIONS

Aluminum wire or aluminum particles (smaller than

about 50 micron) can burn in a vapor-phase when the com-

bustion chamber pressure ,s maintained below 500 n_ig and

high mole fraction of 02 is maintained throughout the

combustion process (region 3 in Figure 4). 'lhe effect of

net rate of heat loss from the flame on ._e vapor-phase

cmiterion for vapor-phase burning is a necessary but not

s_i___icient condition. Therefore, for the vapor-phase cor,_-

bustion of aluminum, it is not required to vaporize alu_ni-

num .mrior to chemical reaction _,.zith oxygen. A1 wire _u_n-

ing seems to be very promising because no extra h_.dt is

required to vaporize aluminum, and the cent.tel of aluminum

wire burning is much easier _han _he _aluminum powder; in

t:he laboratory situation.

_ ' _ler_. in a hope toihe w_por-phase burning is sought _

obtain a uniform size of sm_].l colloid particles (10-100

Angstrom diameter) which may be desirable in colloid

pL-opulsion systems. The ignition temperature el _-<_mlaum

coincides with the melting point of AI203 (231_{"_:,). i'hiq

is because the melting of the aia:ninum oxide layer causes

the in_rease in the chemical, reaction rate and _eads .....

the i_nition of alu_._inum. _The adiabatic flame <_:mL_e-caL-ur_

calculated in Section Z, Chapter ii, .%.9g0°:, .i'.s _:,-_mpa_.-_.:)].e
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with 3908°K in Table ii which is calculated by Fassell

(reference 12). This discrepancy probably came from the

use of different sources of thermodynamic data. The

actual flame temperature is lower than the adiabatic flame

temperature by virtue of the radiation loss from the flame.

The rate of radiation heat loss is a function of various

parameters, such as the particle size, chamber pressure,

wall reflectivitv, the particle concentration, and the

chamber wall temperature. The mathematical evaluation of

radiation energy loss from the flame was unable to be made

because o'f the unknown nature of scattering and absorption

of small AI203 particles in the flame, in terms of the.

ntnnber average particle volume, Vn, the no_-malized fre-

quency function f(v) for the distribution of particle

volume v is derived by Fein in Eq.(47). Fein's con-

clusions from his analysis of particle-size distributions

are" (i) the particle-size dist_ibution is independ_n[:

of chamber len_th (L) and depends upon the m_cleation rat_

(no) , (2) the nucleation process is not homogeneous. The

3_7:, thrustor efficiency is obtained by applying Fein's

analysis to the case in which weight average pal_t_cl_:

= 0.523 x 10 -18 3 1 Vv ._= = 615 x
volume V v cm or V n 2--_ " "

i0'90 3 _ on ti:_:_ l'h_usLo_: _cm . The effect of chan_ing V v

efficiency is proved to be negli:!_ible. _:_n improved

thrustor efficiency of 64%, in contrast to Yein's n_odel,

is obtained from the vapor-phase burning model (_ee
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Figure 24). The explanation for this improved efficiency

can be found from the fact that a vapor-phase flame pro-

duces a unifor_n size of colloid particles and thus the

new model has higher efficiency.
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Figure-6 The Net Rate of Heat Loss (qloss) and the

Rate of Meat Gain from the Chemical Re-

action (qreact.) versus Particle Surface

Temperature
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Figure-12 Particle Size Effects on iieat Flux
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FLgure-17 Schematic Dia:_4r_n of a Burn_.nS

Aluminum

U//////////////////_

_'_ o _- o _._-.-o

/I _° F --'° I _°V/////////////////_

11- x

,-(x

l,':;_ul-e-], ,< r_fFer¢,. :_,:,:..._ " ..i:_,me.,.Lt ,4', :u._b_r

I e::-L_t !I

-q _- -_x : ,3 dx >:-- "'



73

Figure-19 Theoretical Frequency Func_:ion ver s<_
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Figure-21 Theoretical Particle-F[ass Distribution

Function f(m) versus Particle Fiass +,no
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Figure-22 _ f(m) versus m
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Figure-23 m f(.m) versus m
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TABLE I

METAL

Li

Na

K

_4g

Ca

BOILIN0 A_D KELTING POIN_ OF METALq AND TI{EIR OXIDES

METAL METAL OXIDE OXIDE OXIDE
M,?.'K B.P.@K mP.@K B,r_.K V_'_ET_L

454 1620 Li20 1700 3200

371 1156 Na20 1190 1550

337(7) 1052(7) K20 800(4) 1750(4)

923 138] M_!I() 3075(_ ) 3350(4)

1123(7) 1693(7) Ca0 2873(7) 3800(7)

0.58(4)"

o.55(4)

O.Sl(4)

0.64(4)
f

O

O

Al 932 2740 A]203 2318 3800(4 )

Be 1556 2750 BeO 2825 4123

Si 1685 3582 8i02 1883 3000

1.45(__ o_
1.68( H

Ti 1950 3550 TiO 2 2128 4100

Zr 2]25 4650 ZrO 2 2960 5200

B 2300 3950 S203 723 2520(4)

1.73(4) u0
aj

1.45( _

6]

o
:iJ

* The numbers in brackets are the references from which the data

were taken. Thqmarked values came from reference G.

GROUP I --- VOLATILE ;_ETAL

GROUP II--- Noh_rOLATILE _T&L WITH INSOLUIqLE OXIDE

GROI_P II] --- NON_JOLATILE _%TAL WITH £OLUBL[ OXIDE

CROUP IV --- NO}[VOL_'?ILE MET&L .IITH VOLATILE OXIDE
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TABLE II

ADIABATIC FLA_!E TE]_ERATTItE OF SOME MEZ_LS

x M(s) _. Y/2 o2(_)

X Y T°K CO_{BUZTION PRODUC_ a VOLE FRACTION

A1 2 3 3908 AI=0.064, A!0=0.094, A120=0.209, 0--0;36_

02=0.097 , A1208=0.172"

I I 3229 Ng=0.171, _,!g0=0.484, 0=0.053, 02=0.059 ,
MgO=0. 233"

2 1 2846 Li=0.370, Li0=O.041, Li20=0.164 , 0=0.015,

02:0.075 , Li20:0.334" .'

_e 1 1 4210 Be=0.218, BeO--O.O33, (BeO)2=O.012 ,

(Be0)8=O.O12, 0-0.189, 02-0.014 , 3e0=0.522"

2 3 3786 B20_=0.264 , BO=0.500, B202=0.Oll , 0=0.189,
o2._o.o35

_marks denote the condensed phase; all other products are gaseou_

_TAL

_g

Li

B

TABLE III

IGNITION _MPERATUFdiS OF NE TALZ IN 0R (_)

}._.TAL ?_.P.,@C IGNITION TE&_ERATJRE,@C

Li 179 190

Na 97.8 118

K 63 69

_,{g 650 62 5

Ca 850 550

B 2100 --

A1 660 )IcOO

Ti 1730 --

Zr 1845 --
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TABLE IV

The Compositions and Heat Balance in AI-02 Flame at Vari-

ous Assumed Temperatures

Temperature, OK

LOgl0Kp

Compo sit ion, Mole

A1203(I)

At(g)

Al0(g)

0(s)

Heat Contents

of Products,Kcal

Dissociation Energy

of A1203(1) , Kcal

Total Heat

Consumption, Kcal

Heat of Formation

of Alo0_(1) at 298°K,

Kcal/_o_e

3960

-2.4

0. 382

0.618

0.382

0.382

0.764

127.98

214.0

341.98

400.4

3970 3980 3990 4000

-2.3 -2.2 -2.1 -2.0

0.432 0.5 0.582 0.683

0.568 0.5 0.418 0.317

0.432 0.5 0.582 0.683

0.432 0.5 0.582 0.683

0.864 1.0 1.164 1.366

125.6 121.81 117.3 112.2

243.0 281.3 327.0 384.0

368.6 403.11 444.3 496.0

400.4 400.4 400.4 400.4
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THER}1ODYNAM IC

TABLE V

DATA FOR
AL-0 2 SY ST EM

Al(gas); molecular weight, 26.98

r.
•K

0

I00

200

"_ 298o1§

300

_00

SO0

600

?00

800

900

_lO00

IlO0

1200

I$00

I_00

1500

1600

ITO0

1800

1900

2000

2100

2200

2300

2k00

2500

2600

2700

2800

2900

3000

3100

3200

3300

_kO0

3500

600

3100

3800

3900

kO00

klO0

_200

_$00

k_O0

_500

k600

U_O0

_800

_900

50o0

5100

5200

5300

5_0o

5500

5600

5700

5800

5900

6000

C_, H o _/_oT O'

cot/mole °K col/mole

6.0209

5.2899

5.1125

5.1107

5.0kT2

5.0181

5.O02k
k*9931

_.9812

k.9831

_._H02

k.9765

t.9752

k.97k2

k.973_

_.9728
_.9r22

k.97|8

k.97ik

k.9711

_.9708

_.9706

_.970_

k.9/,03

_.9/,02

k.9101

k.9/,02

k.9105

_.9/,05
k.9709

_.9715

k.9123

_.9135

k.9150

k,9 169

',.919_

.982_

k.9862
k.9908

ko996_

5.0050

5.0101

5.0188

5.0291

5.0_03

5.0535

5.0685

5.085k

5.1035

5.12k3

5.tk13

5.1/,2/,

5.200_

5.2501

5.2656

5.2992

5.3516

5.3/,1_

5,k21k

5._02

0

588.2

Ilkk.8

1655.6

1665.1

21/,0.5

2675.6

317k.6

$61_.3

_i/,3.3

_671.8

51/,0.0

5667.9

6165.6

6663°2

1160.6

1658.0

8155.3

8652.6

91_9.8

96k6.9

106kl.2

11138.2

1|635.3

12132.3

12629.$

13126.5

15625._

1k120.t

1511_.5

15611.6

16108.8

16606.1

17103.5

I/'601.l

18098.9

18_91.0

19095.t

1959to5

20093.6

20595.6

21097.2

21595.5

22_I)_.2

23105.8

25611.9

27119o6

2_628.8

251k0.2

25653.8

26169.8

26688._

27209,9

28262.7

2879t.5
29329.6

29869.5

30398.0

s;
col/mole °K

55.3kk_

37.231_

59.3038

39.335_

k0.7956
k1.918t

k2.8318

_3.6021
kk.2685

tk.8556

t5._805

_5.8550

16°2801
k6.686k

_T.0550

k1°390_

_1.TI92
t_.0206

tS.30ku

&k8.5/,36

t8.8286

79.0_11

k9.3021

k9.5235

k9.7578

_q.95/,/,

50.132/'

50.32O5

50.5010

50.615k
50.8k59

51.0069

5|.i6k_

51.3178

51.k665

51.6105

51.1508

52.0202
52.1_9H

52.2T62

52.399_

52.520_

52,6382

52.155_

52.8668

52.97/./.

53.0866

53.19_5

53.2985

53.k018

55.5035

53.605/.

53./.025
53.7999

53.8962

53.991k

5_.0855

5_.1_85

5k.2/,08

5t.559t

col/mole

O

2/,k6.5

6301.5

1006t.8

I013/,.5

Itlk/,./,

I8285.h

2252_.5

268_.2

]12kl.5

35698.2

k0210.5

kk772.7

k9580.1

5_029.1

58116,t

63k39.]

68195.3

72982.5

/,1/,98.9

826k2.9

87515.1

92k08.2

91321.0

102268.3

107231.3

112215.0

111218.6

1222ki.3

127282.t

1323ki.3

15/,k1/,.5

It2509.9

It/'618.5

152_2.7

165035.8

168283o9

I/'5]U5.9

I/'8581.3

183189.8

189011.1

19k27_.9

|99k90o9

20_T18.9

210018.5

215299.5

220591.8

225895.0

23i209.0

256555.6

2k1868.6

2t/,215.9

252569.3

25/'9J_.6

26JS09.1

268697.6

27k088.9

2/'9k92.R

28t905.9

290_28.t

295150.6

/c/_,

col/mole

/'5/,6o.t

/'635_.6

16911.2

/'_k20.0

T_29.5

/'/,9_6.9

18_0.U

/'89t0.9

T9_kO.T

/.9939./.

80k38.2

80956.]

81k3_.2

81132.0

82k29.5

8292/..0

83k21.t

83921.7

8tt18.9

U&916.2

85kl3.3

85910.t

86k0/,.5

8690k.6

_TkOl.T

81898._

_8395,/,

8_892.T

89_89.T

09886.8

90383.8

90880.9

91518.0

91875.2

92572.5

92869.9

95361.5

95865.3

9_861.8

95360.6

45860.0

96_59.9

96860.6

91_61.8

9_uOk.2

9836/..5

98812.2

99J/,8._

99886.0

100_95.2

100906.6

101_20.2

101936.1

I02k5_.8

10_916.3

103501.0

10k029.1

10_560.9

I05096.0

I85635.9

tU6|6_.t

Formotion from ossigned

referencP elements

(6H,_)f, Iooi 0 Kf
col/mole

76851.6 .......

/,/,$_ I . I - 162.0/,25

/,/,I¢5t. I -1 f, kg/' I

/,1720.0 -k9.6588

T1b 18. I -k9. 2889

/.7528.6 -35. 1966

T/,287,5 -26./.528

/,70k8.6 -2 I. I_._O

/.6862 o0 - I _' • 1293

166t5.0 - It. ] $.$8

/,OSV T.9 - I t. _ )or

/.5605. I -9o999k

/,3U03.0 -8.%3;_2

/, 5200.t_ -/,.$256

/.2?98.3 -6.50 I

72195,8 -5.k261

_'2593.2 -_.6696

/.2390.5 -t.00_3

/,2 Idr. T - J. _2_16

/,198k.9 -2.91J_'

/,17d2. I -2.k5_,3

/,15r9.2 -2.0k20

/' 13_'6.3 -I .6102

/,I I /,$ok -I.5J51

/'09 TO. 5 - 1.026 I

/,01oi.5 -0./'_56

/,056t.5 -0._882

/.036 1.5 -0.2512

/.0 I b_. 5 -0. O 5_'_

69955._ O. I/'00

6V/,52.6 O. J'181

695_9.1 0.5350

6957_6.8 0._96_

6911k.0 0._89

68Y_ I. 3 O. _916

68/,'|8.1 l. ILSr

685J6.3 1.251/'

6855t.1 1.5/,05

68132.2 I._82t

6/.950°6 I/ I .bUgS

6/, /,;_9. t 1.6885

6/.528.8 I./'831

6/.328.7 i.UT2V

6/,129._ 1.9581

66950.6 2.0592

66/,3J,0 _. I 16t

66_J6.3 _. 1980

663k t .0 2._60 I

66 I_,/,, 1 2.52,'2

65957.8 2.39 IO

65/,6t.0 2.k523

655_5._ 2,5110

65589.0 2.56/.0

65207°9 2.6288

65045.6 2.6_25

6k8_, 5. I 2*1220

67669.8 _.T696

67t97.9 2.t_ lSt

6_', 529./, 2.8545

6k_6_.8 2.,_o21

6t00t.t 2.9_* JO

638 $._.2 2.9_23
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Al0(gas)

r
o K

IOu

2uO

298.15

300

48o

200

600

800

900

OL00U

1100

1200

1300

i_00

1500

1600

1700

IB00

1900

2000

2_00

2200

2300

2_00

2500

2600

kl00

2_00

2900

3000

3100

3200

34Q0

JSO0

_600

3700

3800

)900

4000

4100

420O

4300

440O

4500

4600

4700

4800

4900

5000

5100

5200

5300

5400

5200

5600

5100

5BOO

590O

bOO0

c;, H_-H_.
col/mole °K col/mole

...... o

- tb*9573 695.0

7.0519 1_93.5

7.3815 2100.5

7.38,47 2|14.2

7.7654 2812.)

8.0hOT 3604,6

h*2879 ',1,82.9

8._,400 5320.2

;:1.5677 6171.3

O, 6618 70 J2* 8

0.12l/ l_02.2

O. 1Hi5 0717*9

O* _2d_ ';650.6

8.8_0H 10543. ¢,

8.8909 11_)I.7

_.. 9268 12)23.0

tl.9512 13217.0

0.97:i1 L4113.2

tl. 99_0 1_011.5

9.0108 1591 I. 7

9.0276 16811.6

9.04 _2 I/717.2

9.05_0 1_627.2

_.0122 19528.8

9.0B58 20_36. 7

9.0991 21_45.9

9.112 J 22256.5

9. 12513 Z_168._

9. I_8_ 24001.5

9.1517 24996.0

9.10,? 259&1.9

9. 1790 ,'_,_29. l

9. 1934 / /Ic, 7. 7

9.2082 28667.8

9.2237 29509.4

9.23_9 )0512.5

'_. 2568 3i_,JT.4

9._745 32363.9

9.2930 }_292.3

9.3124 )4222.6

9. 332¢_ _5154.8

9.35_,2 36089.2

9.3765 }7025. 7

9. 3990 ) 1964.5

9.42_,2 31_905. 7

9,6696 39e_9._

9,4761 40795.6

9.50_16 41 r_,4.6

9 • 532 I 42696. _,

9.5610 4 1651. 1

9.5924 44608.8

9. 624 L 45569.6

9,6568 4o5 J3.6

9.6904 41501.0

9,725 L 4H_ / l* 7

9. 7607 494_ 6.0

9.7S 12 50 _,23.9

9.83_.6 5L_,05.5

9.0729 62390.9

9,917L 5_UO. L

9.9520 563/3,

molecular weight, 42.98

sl, -(_-_63,
col/mole °K col/mole

....... o

_4.4610 3151.L

49.2990 8466.3

52.1709 1345_.2

52.2166 13550.8

54.3958 10R05.7

_0.161_ 24416.2

57,653l 30108*g

58.9434 35940.2

60.079_ 4L092.5

61.0963 47952.1

62.0103 5_100.1

62.8440 60351._

63.6LLi 6667_.8

64.3193 73071.7

64.9770 F9537.0

65.5920 86065.8

66,1696 92654.2

66.712_ 99298.6

67._263 105395._

67.7L3d 112743.0

68.1756 119537.6

68.616_ 126_17.4

69.0)75 133260.2

69.440_ L40L0_.2

69,f126n 147147.7

10.1900 154149.L

70.5551 161L06.9

70,899} 168259.7

71.2314 115366.}

71.5523 182505.6

71.8o28 189676.4

72.1635 196077.8

12.4552 204100._

72.73H_ 21L368.6

73.0134 210656.2

73.2810 225971.0

/3.5_15 2)3_12.2

73.795_ 240679.1

74.0430 24o07L.I
74.2e46 255487.5

74.5201 262927.8

74.751_ 270391.5

7_.977d 27_077.9

75.1980 285)86.7

75._1_) 292r_17.4

75,6264 _00469.4

75.8)44 308042.5

76.03e_ )L56_6.2

/b.2388 )?)ZSO.[

tb.4357 330083.8

76.6292 )38537.1

76.819_ 346209.6

77.0066 )53900.9

77.|')0'I )616|0.8

77.312_ 369119.0

77,551& 377085.2

77.727} )d4R49.1

77.901_ 3926_0.b

7_.072_ 400429.2

7H.2_I_ 408245.0

/8,408_ 416077.5

187L5.5

19410.5

20109.0

20016.0

20829.7

21507.8

22380.2

23190.5

240_5.7

24086.8

25748.3

2661f.7

Formotion from ossigned

reference elements

(AH_)f, logio Kf
col/mole

20044.1 .......

21077.6 -41.2307

20994.6 -18.2172

20816.0 -10.6920

20812.4 -L0.5979

20617.9 -6.8237

20411.5 -6.5807

20201.4 -3.1007

19963.3 -2.055)

19699.6 -L.2bll

19408.4 -0.6874

L6573.1 -0.2602

27_93.4 16329.3

28574.1 16085.8

29258.9 L5842.2

301_7.2 15598.6

310)_.6 15354.5

31932.5 15110.0

32_28.7 14804.8

3_727.0 14618.7

34627.2 14371.7

35529.2 14123.7

36432.7 13814._

37337.8 13623,9

3824_,3 13372,2

39L52.2 13119.0

4006L.4 12864.6

_0972.0 12608.8

4180_.9 12351.8

4219?.1 12093.5

_3711.6 ILB)4.l

44627.4 11573.5

_55_4.6 11312.1

_6463.2 11049.7

47t83,3 L0786.6

4830_.9 L0522.9

49220.1 10258.8

50152.9 9994.4

51079,5 9729.R

52007.8 9465.2'/

52938.1 9200.7

53070.) 8936.6

54804.7 8673.0

55141.2 8410.1

56680*0 e14/.9

57621.2 7886.0

5_564,9 7626.7

59511.2 7368.0

60460.1 7LLO.?

6L_11.9 6855.1

62366.6 6601.1

63324.3 6349.1

64285.1 6099.1

65249.1 5851.3

662L6.5 5605,8

671R?,3 5362.7

68161.6 5122.2

69139,4 4884.3

70121.0 4649.)

71106.4 4417.L

72095.6 4188.0

73088.U 3962.0

0.0666

0.3350

0.5587

0.7475

0.9086

1.0474

1.1677

1.2731

1.3658

1.4478

1.5205

1.5855

1.6438

1.6963

1.7435

1.7665

1.825_

1.8606

1.8930

L.9222

1.9492

1.g739

1,9964

2.0171

2.O)62

2.0538

2.0699

2.0850

2.0981

2.1115

2.1232

2.1340

2.1439

2.1532

2.1618

2.1697

2.L171

2.1038

2.1901

2.1959

2,2012

2.206|

2.2107

2.2149

2.2186

2.2222

2.2254

2.2286

2.2313

2.2337
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r,
"K

0

10C

201

29e.. L5

3OO

4O0

50U

600

700

86O

900

btO00

1100

I 200

1300

140o

15CO

1600

1700

1800

1900

2000

2100

2200

2300

O2318

1318

2400

2500

2600

2700

2800

2.900

30G0

3100

320_

3300

3400

35OO

3600

3700

3800

3900

4000

4100

4200

4300

*400

4500

4600

4700

40C0

49C0

5000

5100

5206

53G0

5400

55C0

5600

5700

5800

5900

600U

(crystal,

c;,
col/mole °K

3.06e18

12.2228

LL_. 8_40

18.9194

22.9076

25.34z,2

26.8881

2 T.968%

28.7572

29.3523

29._|38

J0, 1745

30.&6_T

30.9068

31.2819

31.6435

3%.995J

32 • 3389

32 • 6166

33.0C94

33.3382

33.6639

33.9870

36 • 3079

34. 365

35.0

35.0

35.0

35.0

/_5.0

35.0

35.0

35.0

._5.0

:15.0

.*5.0

.*5.0

35.0

35.0

JS.0

JS.0

35.0

35.0

J5.0

35.0

35.0

35.0

35.0

35.0

-*5.0

35.0

.*5.0

35.0

#5.0

35.0

35.0

35_0

35.0

35.0

}5.0

35.0

35.0

Ii(uid) ;

0

78.0

841.5

239_.4

2429.3

4545,2

6970ofi

9587.5

12333.2

15171,4

|807R.4

71031.5

24036.8

2 7069.8

30141.0

)3250.6

30396.9

39578.9

42795,7

46046°5

49330,8

526_8.3

55998._

59381,0

62795,7

63413.8

89413.8

92283.8

q5783,8

99283°8

102783.8

IC6283,8

109783,8

113283.8

[|6783.8

12o283,e

1737:43.8

127283.B

1 _0783.8

1377_3° 8

1412_3°8

16_783.8

I_8283,B

151783.8

1552_3.e

15_783.8

162283.8

165163,8

169283.8

112783.8

176283°8

I 1't183.8

lf132t_3.8

186763.8

Iq0263o8

lq_7_13°8

197283.8

200 7fi3.8

20_283.8

20T703.8

211283.8

2L_Tb3.8

218283.8

s_
col/mole OK

0

1.0241

5. 946_,

12.1750

12.2891

18,3509

23.7524

28 • 5200

32 .751_

36.539_
39.9618

43.0 IBm.

45,9393

68.57TS

51.0360

53.3402

55, 51b9

5 1,5644

59.5144

61° 3724

63,1_81

6_. 849b

66, 4841

bB.O57b

69.5T55

69.843

81.060

82.2165

83.7053

A5.078C

_b. 3989

87.6718

ed. 900u

90.085_

91.2347

92. 3454

9_.4274

o4,46T_

95.4_I 8

96.46711

9i' .42b

98. 3601 v

99.2693

100.1554

1(21.0196

10]_.8631

102.6866

103,491_

106.2771_

It5.0471

105.799_

106.5_67

107.2583

10/.°9654

108.6585

1L)_. JJ81

110.0048

110.659l

11t.101J

11/.)bt4

11J.1601

111.7586

114.J461

molecular weight,

-(,-_-_83;
col/mole

H_,

col/mole

-WbZT94._

-4£7716.4

-401952°9

-455365. 1

-398269.2

-39b823.0

-393206.9

- 390,h61.2

-387623.0

-384716.0

-3_L155.9

-378757.6

-31512_.6

3?2653.4

-369563.8

-355397.5

-363215.5

-s5999e.l

-350147.9

- 3',3463.5

-3501_6.1

-34b796.0

- 343_.'13.4

-339998.7

-3J9380.6

-313380.6

-310510.6

-3UlOlO.b

-303510.6

-)tOOlO.bd

-2 _b_. 10.6

-293010.6

-289510.b

-2_6010.b

-2d251U.b

-2 19010.5

-2 /'5510.6

-212010.b

-208_I0.6

-265010.6

-261b10.6

-758010.6

-254510.6

-251010.¢,

-241510.6

-244010.6

-2_0510.6

-237010.b

-233510.6

-230C}0.6

-226510.6

-22.3010.6

-219510.6

-21/,010.6

-2t2510.6

-209010.6

-20'.,510.6

-202010.6

- 19.') 10 .b

-1"_5010.b

-LIL51u.b

-LeHOID.b

-Ie_510.6

101.96

" ForrnoHon from ossicjned

reference elements

0

24.5

347.8

1235.6

1257.6

27_5.2

_905.4

7524.9

1C`)9_ .5

14060.0

17881.2

220_0.9

26696.4

3122 _.. /.

41425.8

_5809.6

5Z 524.1

58318.8

64423,9

70650.5

7705)..0

R _(, 18.2

,)D3_5.B

91227.9

9_482. 3

9q482.3

]05179,8

113_79,_

121919.0

13_493. 3

13'_197.2

1_026.2

156975 • 8

166042.2

104810. l

19 _90& •H

203&_2.5

Z13coo.?

?22695.2

242 _h(,.6

_523_7.8

261' ]96° 7

272_,,,1.1

782_68.7

29_U71. /.

.*0 _466.3

31_)32. T

32447b.2

33_092.2

_5182.0

356543. }

36_}74.6

JTd,'14.b

JS_2ql.8

403775. 1

¢+22539.0

_,3J759. }

445_345.0

95(*391.0

461196. }

(AH_)t,
col/mole

- $91699.9

- 3386'11o6

-399d_9.0

- _OO_,O0.0

-400406.2

-400580.6

-430476.0

-_00305.8

-- _ 9')8r40. 2

-399_g5.4

-40WSbg._

-404218.7

-4038_8._

-4_3_T2.2

-40J098./'

-k02618.6

-40218L.7

-',016_9.3

-40059_. 8

-4300 H._

-399439,6

-33e823.7

-398183.9

-398063 • 3

-3720'31.2

-..71418.8

-3 /'07b_.9

-31006R.9

-)69375.7

-3 b,869C. 1

-36_012.0

-J07341.0

-3666/'(. I

- )66020.0

- _653_,9.5

-364f?5.3

- _6_,081. 3

--_63455. l

-36282H.5

-_8220/'. 4 4

-_61591.5

- J60980.6

-_603/'4.4

-3891/'2.9

-J591 f'). 7

-388582.8

-357993.9

-357408.9

-35687 _. /'

-356250.0

-3556/'5,8

i -355105.0

-.*54537.5

J -383913.0-35t4[1. /.

-J528_.2

j -3522,,7.6

i -3517_4.8

-)5119q. T

- 15004?.2

- _ ,0107 • 3

- 3',_'25 ) 9.9

IOglo Kf

FV,/..2333

421.3814

2 T/'.1216

2.15.31L4

202. 3/'46

1'38.6089

129.4413

iUB.blT_

93.00/'2

00.8722

II.Del8

63.0538

5b. 3644

%0. /'095

45,86/'0

&l.bl&7

38.0109

34. 1815

_1.9148

29. 3533

27.3511

24. 9709

2.3.b821

2L..*616

21.06/'2

21.U672

19._103

18.5184

17.2/'32

16.1223

15.0553

14. '.,642

13,1q34

12.2781

11.4/'12

10._141

10.0031

9, 3 )-.8

8. 7029

8.1010

7°54 _0

6.5041

6.0234

5.5663

5.1312

6,?156

4.3213

3. ';436

3.5828

]. 23/.2

2._066

2.589/'

2.2855

i• )93b

i. /.132

1. t_4J5

1.1838

0.9 _41

O. 6934

0.4618

0.2379

0.0217
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r,
oK

L;

I00

ZuO

2_h.l)

buU

40O

500

bUC

7UO

8OO

900

LO(QO

IUU

_TUO

I JUO

_400

1_00

IOUO

7uO

1800

t')u_J

2ova

_Io0

L2OO

?_uu

£400

+'SUO

2bO0

IUO

2UO0

ggUO

JUUO

3100

_200

J}dO

J_O0

JSOU

JbC, U

_700

JBOO

bgO0

40VO

4100

6200

6JO0

6400

6bOO

6bOO

4700

_HO0

4900

'_000

bluO

b2UO

5)30

_40(;

_500

bbO0

blO0

bgUO

(,000

Col/mole °K

5._,J4;

5.2)7_

9.73_,1

5 •ObOd

_.02_w

b. O154

S •OOS_

4o99)o

6.98_,L

6 o'h_c_2J

6*qt_Ol

J,. 979's

4.9¢U0

& • 9 trio

6._71d

4.91d0

(,o978(a

6°9197

_o99_0

4.99 _rl

5.0[d_

D.0172

5. 024_,

b. OJ2f

S •ObOo

5.0h)l

5. U;4Ut,

5.391_

5.I071

b. I L',L

5. L25.

5.|Jib

5.tbll

+}* | l J,"+

_* I bb(s

_.t94/

b. Pl02

9.222J

•J.2 J_Z

5°2&GL}

b.2"_17

S.269L

5. ?e()6

5.79[_

O(gas); molecular weight, 16.0

col/mole

0

9L7.5

lbu7._

Ibi7.2

21Jb. l

Zb_b.b

Jlb2.0

Jbbb.8

61bO.u

_669.0

565e.9

b/bS.i

bb)b.9

7lb5._

765;*I

dlbl.4

h6_9.9

IOb4l. Z

[LtJg. U

iib_,.9

[2; JS.u

I?O$+.P

_Jb)O.b

1_b£9.4

I_LL9._

Ibl_l.b

I6bJ$._

l/L_b,b

|_b40.£

l_i_4.h

l;13b._

2at 13.0

ZUbb2°/

211_).5

?L105.5

?Zdt8. /

221J].0

ZJ?68.b

2_f_5.6

?6dO2.b

2)J(].0

29866*b

£b_bT.e

gul{_l.5

£1_16. S

2_70.5

_0999. I

_9_Z8.8

s;,
col/mole °K

J£.&O6Z

J_.6bllb

_.5u J

J9.9].1

4/.fill

_2.066_

_J.bOlo

_4.Og&d

_b.O)Su

&b.529&

. o_ o

col/mole

o
_1i9.[

blSJ.l

986L.9

'_')5). 1

lJSbt.b

179L9.<;

220r10.6

?b_75.%

)b02)._

6)965._

68471.2

6).S/Bu 5J050.6

66.g98L 57b_i.'#

_b.b6|# b2309.i

_6.9b_6 66989.6

_?._oSJ ILIOI.2

4(.819t 81210.0

_t|.O?6_ HbO0_.6

_Uo_ 9666H.5

60. PIO/ IOUS_.'.

_B._dZZ I06422.2

6_.lflSb ll03_t).f

44.bb9_ 120206.b

6_.TbO_ IZSlT_.t

_.r_bZ 130156.6

5d. UgSO 13b|5?.U

_J._9_ 14S209.6

_O.51_b 1S0259._

bO.fi691 |60_0_.9

_L.Oll_ 166498.0

_l.lbU_ llG6Ob._

_l.2dS_ I?_127.9

_i*S66L 18bOll.3

_I.67L_ 19|172.7

51.9k$_ EOlb_|.|

bL.tlJJ_ 20612B.6

S?.?o?_ ?|7IS_.3

52.Jr_ _22_90.2

_z.487o 22763J.o

_z._dg_ 2_28_6.5

bZ°b96d 2_b|_U°8

5_. 198| 243625._

b_.091_ 299_L0.£

b J* I I_ | 266626 • 8

J. 2rig2 _b9169 • 0

5 _. _82v ? 7b?,_.b

col/mole

_H_Tb.b

_90t4.0

59bbu. 3

oOr_MT. )

OUb96°_

oLIO|.|

6lho_.O

b2lOf.l

u260_.2

b$lOd._

6_60U.0

04|0T.2

6660o.0

b.lO6.b

bSO0_.9

b6101,O

bObg_.O

bTOgb.9

b7_')6.8

bH092*5

695';0.

6958b* |

lO_d_.l

10582.6

/IOHO.9

7|579.7

I2076.9

7 t) _9.6

16ouo.e

l_5aZ.8

l)(Jd_.7

;_O';W.O

16599._

l?LOb. O

/7q, lJ.5

7fllZ2.[

106)L.8

r9_62.7

19b_6.7

_0167.8

_ObB2.Z

Bll;/.8

_t/16.5

G2232.b

+2/Sl.7

o3711.1

h6_|6°6

b4_60.b

Ub6|9.b

b8(10 _ • 7

_8S6U,b

Formation from assigned

reference elements

(AHp)f, IOglO Kf

col/mole

5_98b,'_ ........

591&1.2 -l_b.7_19

5'I'_16.7 -61.9_96

5qb_b.6 -_0.6022

597_.7 -Zg.672b

S']_bT.b -ZZ.9]91

bg'J]t,.6 -|t_,573b

bUll|.7 -1').6_8B

60_16.6 -|_.lOlO

bUtUt. C. -lL.2719

6UJ'I_.(J -g*BO6_

60415.1 -_.605_

6UbbO.l -7.60_0

60620.5 -6.7552

bObSl.| -6.0269

bO?bO.l -b.3qSi

608_0° _ -_.)52H

609l'_.H -3.9179

bO';/O.t, -3.5785

fllO|_.l -_.1771

(,liOn.5 -2.5712

6|l_5. l -2._072

blltl2./ -2.0650

612|b.P -L.B_?L

6|/68.9 -1.b362

6171_.M -|.665b

6130b.5 -[*2683

bI_2.7 -|.103_

b|)Sb.O -0.9_g2

6111_.0 -0.8050

6139_.6 -0.669_

614J4.9 -0.42)0

616o6.6 -0.2036

6|6_[.0 -0.[027

6|4)4.5_' -0.0072

bibS/.6 O. OH3S

blblg.b O.[bg/

6|5_1.6 0._5[7

61bbJ.8 0.604_

blSb6.6 0.6754

61blS.Z 0.563J

61b_%._ 0.0083

SIS+;6.) 0.6706

6lbob.+; 0.730J

6IbII.5 0.181_

blbZU.l 0°8625

bl(_9oO 0.b95_

blb_';.9 0.966|

6lTbi. L 0.9950

blb?g.6 [.062L

61bH$°9 i. OS/S

blt,'Ib./ 1.13l_

6| liJl, I |. | P _5

(,1 t l'_. _ l./141

_1166.'# l.?g18


